1. Michaelis constants of goldfish brain choline acetyltransferase were found to depend on the concentration of the second substrate present and on the temperature to which the fish had been adapted. 2. Primary plots constructed from results obtained with enzyme prepared from cold-adapted or warm-adapted fish indicated that synthesis of acetylcholine took place by a sequential mechanism. 3. The affinity of choline acetyltransferase for acetyl-CoA was about 100 times that for choline irrespective of whether the enzyme had been prepared from warm-adapted or cold-adapted fish. 4. The maximum rate at which choline acetyltransferase synthesized acetylcholine and the energy of activation for this synthesis remained independent of the previous environmental temperature of the fish. 5. The affinity of choline acetyltransferase for choline and acetyl-CoA showed a complex dependence on temperature. The affinity of the enzyme from cold-adapted fish for substrates increased as the incubation temperature was lowered, whereas that of the enzyme from warm-adapted fish first increased and then decreased. 6. The maximum affinity of choline acetyltransferase for both substrates, from both cold-adapted and warm-adapted fish, occurred at temperatures that corresponded approximately to the respective environmental temperatures of the fish. 7. These changes in enzyme affinity for substrates are not thought to be due to the presence of isoenzymes. Their adaptive significance is unknown, but it could be connected with the maintenance of the enzyme in a stable form.
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Direct evidence that compensatory changes occur within the central nervous system offish in response to changes of environmental temperature has been provided through the work of Prosser & Farhi (1965) , who found that the minimum temperature at which a conditioned response was lost depended on the adaptation temperature of the fish. Peripheral nerves and simple reflexes must also function adequately as part of the conditioned response, but it was shown convincingly that adaptation at this level was not responsible for the observed effects (Roots & Prosser, 1962; Prosser & Farhi, 1965) . Further work, by Konishi & Hickman (1964) , demonstrated that an evoked response in fish midbrain was also subject to temperature compensation, showing again the importance of adaptation within the central nervous system. There seems little doubt that induced changes in the central nervous system alter the capacity of fish brain to integrate nervous impulses and that this explains many of the compensatory changes seen when fish activity is measured at different temperatures (Fry, 1964) .
Acetylcholine plays a dominant part in modifying transmission in the central nervous system, and it is therefore natural to study those enzymes responsible for its synthesis and destruction when searching for an explanation of the gross changes seen to take place in brain function after adaptation. Baldwin & Hochachka (1970) found that an overall increase in brain acetylcholinesterase (acetylcholine acetylhydrolase, EC 3.1.1.7) activity occurred in warm-adapted trout and that two isoenzymes were present having different affinities for acetylcholine. Acetylcholinesterase from fish taken from different thermal environments also shows differences in affinity for choline (Baldwin, 1971) .
Less is known about possible changes in choline acetyltransferase, the enzyme responsible for the synthesis of acetylcholine. Earlier work with this enzyme suggested it might also change its affinity for choline, although this conclusion could only be tentative since with the coupled assay then used the concentration of the second substrate, acetyl-CoA, could not be varied (Hebb et al., 1969) . More recently a radiometric assay based on the original method of McCaman & Hunt (1965) has allowed a more detailed kinetic examination of this enzyme (Morris et al., 1971) . The object of the present work was to use a similar radiometric assay to examine in detail changes in substrate-enzyme affinity that might arise as a result of temperature adaptation in the brain of goldfish.
Materials and Methods Animals
Goldfish (Carassius auratus), weighing about lOOg and 15-18cm long, were purchased from Perry's Hardy Plant Farm, Enfield, Middx., U.K. After 20min immersion in 2% (w/v) NaCl solution to kill any fungus with which they might be infected, the fish were kept for 1 week in an aquarium at room temperature (15-18'C), and were then transferred to aerated acclimatization tanks at 6°C or at 30°C. They were kept in these tanks for 4-5 weeks before being used for experiment. All fish were fed once or twice daily with Duffield's Angler's ground-bait.
Assay of choline acetyltransferase activity Fish were decapitated, and their brains were dissected out and homogenized by hand at a concentration of 100mg of tissue/ml of 0.3M-sucrose in a Dounce homogenizer. The homogenizer was immersed in crushed ice while the homogenate was made. Three to five brains were pooled to make each preparation; the combined material was then dialysed in Visking tubing against 1 litre of 0.3M-sucrose at 0-40C; the dialysis solution was renewed twice, first after 30min and again after 60min; the total period of dialysis was 21h. The dialysed homogenate was stored in separate samples, 0.4ml each, in small Pyrex tubes, at -160C.
Choline acetyltransferase activity was measured by a modification (Morris et al., 1971) Counting of the radioactivity of these gave a measure of the amount of acetyl-CoA that leaked through into the effluent containing the acetylcholine. The radioactivity of these controls was always low, giving counts of less than twice background, and corresponding to less than 20pmol. The activity of the enzyme is expressed in milliunits, 1 milliunit being equivalent to the formation of 1 nmol of product/min. The maximum activity was found to be about 10 milliunits/g of tissue at 5°C and 150 milliunits/g of tissue at 39°C. Radioactivity was measured as described by Morris et al. (1971) .
In some species a large part of the choline acetyltransferase present in brain homogenates is in the nerve-ending fraction and must be activated by treatment with ether (Hebb & Smallman, 1956) or detergents (Fonnum, 1966) if maximum rates of synthesis of acetylcholine are to be achieved. To determine whether the enzyme in goldfish brain is similarly bound, two kinds of tests were done. First, samples of the homogenate were treated with ether as described by Bull et al. (1970) and their choline acetyltransferase activities compared with those of untreated controls. Secondly, other samples (0.5ml diluted with 0.4ml of 1 % NaCl) were centrifuged for 6 x 106g-min in a Spinco model L preparative ultracentrifuge; the supernatant and pellet were then separately analysed for their choline acetyltransferase activity. [1-14C]Acetyl-CoA was prepared from CoA by treatment with acetic anhydride (Simon & Shemin, 1953) . For this purpose [1-14C]acetic anhydride (specific radioactivity 121 mCi/mmol) was purchased from The Radiochemical Centre, Amersham, Bucks., U.K. The procedure for the preparation and purification of labelled acetyl-CoA has been described by Morris et al. (1971) . An important part of the procedure is application of the acetyl-CoA, after its synthesis and the removal of free acetate, to a DEAE-cellulose column to separate the radioactive acetyl-CoA from a radioactive impurity, which if retained has been found to give high column blanks (C. Hebb, S. P. Mann & J. Mead, unpublished work). Each preparation of acetyl-CoA was adjusted to pH4-5 and stored at -16°C as described above.
The apparent specific radioactivity (uncorrected for efficiency or quenching) of the acetyl-CoA gave a count of approx. 7000c.p.m./nmol. The value for one preparation was slightly above this, another slightly below.
Choline chloride and eserine sulphate were supplied by British Drug Houses Ltd., Poole, Dorset, U.K. All other reagents were of analytical grade. Vol. 129
Choline chloride was assayed by titrating the chloride against AgNO3, the end point being determined electrometrically (Keynes, 1963) .
Results

Stability of choline acetyltransferase
Preparations of choline acetyltransferase from the brains of goldfish adapted to swimming temperatures of 60 or 30°C were incubated with 1 mM-choline and 25 tM-acetyl-CoA over the temperature range 15-45°C for times up to 30min. Incubation was stopped at known times throughout the incubation and the amount of acetylcholine present was measured. The production of acetylcholine was always linear with time for an initial period of incubation; but when the incubation was prolonged production fell off from linearity at times that depended on the incubation temperature used. Initial rates of reaction could be observed for 4, 8, 12 and 20min at incubation temperatures of 450, 350, 250 and 1 5°C respectively. Times of incubation were chosen to fall within these limits, and a 15 min incubation period was chosen for the assay of enzyme preparations at incubation temperatures at or below 15°C. The concentrations of choline and acetyl-CoA used in these experiments were high. Deviation from linearity could not be explained by either substrate becoming limiting to the reaction. Essentially similar results were obtained with 0.1 mM-choline with 4.6,uM-acetyl-CoA, both of which were well below saturation concentrations. There was no difference in the stability of enzyme homogenates prepared from 6°C-adapted and 30°C-adapted goldfish.
Choice ofsubstrate concentrations Goldfish brain homogenates were incubated at 35°C for 8min together with 1 mM-choline and concentrations ofacetyl-CoA ranging from 0.57 to 50tM. The production of acetylcholine was directly dependent on the amount of acetyl-CoA present over the whole concentration range tested. Effect ofenvironmental temperature on choline acetyltransferase Preparations of goldfish brain choline acetyltransferase, previously dialysed to remove endogenous free choline, were incubated at 150C with four fixed concentrations of acetyl-CoA together with various concentrations of choline. The double-reciprocal plots for acetylcholine synthesis measured under these conditions are shown in Fig. 1 . The plots were linear and convergent with points of intersection below the abscissa to the left of the ordinate. The apparent Km for choline depended on the concentration of acetyl-CoA used. This was similar to kinetics found for choline acetyltransferase prepared from mammalian sources (Potter et al., 1968; White & Cavallito, 1970; Morris et al., 1971) , and was compatible with the view that the synthesis of acetylcholine occurred via a sequential mechanism. The precise point at which the lines converged, determined by eye or by computer analysis, appeared to depend on the previous environmental temperature of the fish, being further to the left ofthe ordinate for the cold-adapted animal.
Double-reciprocal plots were also constructed from results obtained with four fixed concentrations of choline and various concentrations of acetyl-CoA. The results obtained are shown in Fig. 2 . Again the plots were linear with points of intersection to the left of the ordinate, the precise point depending on the source of the enzyme.
Secondary plots for the two substrates, derived by obtaining the appropriate intercepts on the ordinates of Figs. 1 and 2 and plotting these against the reciprocal concentrations of second substrate, were constructed for choline acetyltransferase prepared from goldfish adapted to 6°C or to 30°C. The results obtained are shown in Fig. 3 . The apparent Km for choline from the enzyme-acetyl-CoA complex, determined for enzyme obtained from 6°C-adapted goldfish, was 0.17mM. This increased to 0.33mM for enzyme prepared from the 30°C-adapted goldfish. The change in the apparent Km for acetyl-CoA from the enzyme-choline complex was less marked, being 6.5,uM for enzyme prepared from 6°C-adapted fish against 8.3 bM for enzyme prepared from 30°C-adapted goldfish. The maximal rate of acetylcholine synthesis, 24.5 milliunits, was the same for both these preparations measured at an incubation temperature of 15°C.
Effect of temperature on choline acetyltransferase kinetics Experiments similar to those reported in the preceding section, with the same preparations of choline acetyltransferase, were repeated at various incubation temperatures within the range 5-450C.
The maximal rates of acetylcholine synthesis at these different temperatures, calculated from the intercepts of secondary plots similar to those shown in Fig. 3 , are shown in Fig. 4 . The logarithm of acetylcholine synthesis was related linearly to the reciprocal of the absolute temperature over the temperature range 5-40°C. The energy of activation for the reaction was 61.1 kJ/mol (14.6kcal/mol) and the Qio 2.1. It was not possible to distinguish between the enzyme prepared from 6°C-adapted fish and that from 30°C-adapted fish by using this parameter. The apparent Km values for both substrates were also determined at different incubation temperatures. These results are shown in Fig. 5 . All the Arrhenius plots were curvilinear, showing upward deflexions at high incubation temperatures, the points of transition depending on whether the enzyme had been prepared from warm-adapted or cold-adapted fish. Thus the apparent Km for choline of choline acetyltransferase from brains taken from 30°C-adapted fish showed little dependence on the temperature of incubation when this was varied from 5°to 30°C, but a high temperature-dependence was apparent over the temperature range 30-45°C. The enzyme from coldadapted fish showed similar changes in apparent Km for choline, but the temperature range over which Km was markedly temperature-dependent now extended from 150 to 45°C, the temperature-independent region being confined to the temperature range 5-1 50C.
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The apparent Km values ofcholine acetyltransferase for acetyl-CoA also showed temperature-sensitivities that depended both on the range of incubation temperature used and on the previous environmental temperature of the fish. The changes seen were very similar to those found for choline, suggesting that they might have a common origin. (Fig. 6 ). Dissociation constants for choline and for acetyl-CoA increased rapidly as the temperature of incubation rose from 300 to 45$C, irrespective of whether the enzyme had been prepared from fish swimming at 6°or 30°C. At lower incubation temperatures, however, the dissociation constants continued to decrease with enzyme prepared from cold-adapted fish whereas those for the enzyme from warm-adapted fish increased at incubation temperatures below 20°C. There was therefore an approximate correlation between the incubation temperature giving minimal dissociation constants and the previous environmental temperature of the fish, 5°C for the 6°C-adapted goldfish and 20-25°C for the 30°C-adapted goldfish.
Discussion A possible criticism of the work described here is that all of the measurements were made on enzyme in crude extracts of brain. The kinetics of mammalian choline acetyltransferase have usually been studied on tissue extracts that have been put through two or more stages of purification, including (NH4)2SO4 fractionation, so as to increase the amount of the enzyme relative to the total protein concentration. Two points require comment here. The first is that the specific activity of the goldfish brain enzyme in the crude extracts used in this research was found to be approx. 4 milliunits/mg of protein when incubated at 150C, which compares favourably with values reported in the literature for mammalian enzyme after two stages of purification. These include 3.0 and 8.3 milliunits/mg of protein respectively for cat and for rat (Schuberth, 1966; Morris et al., 1971) . The second point is that there is no evidence to show that further purification of the enzyme improves the accuracy of the determination of the kinetic constants; in fact the Km values for choline, 777,UM, and for acetyl-CoA, 17.5,UM, for crude rat brain (Kaita & Goldberg, 1969) are very similar to the corresponding values of 800 and 16,UM for ox striatal enzyme purified to a specific activity of 2-4 milliunits/mg of protein (White & Cavallito, 1970) and of750 and 1IOUM for the same tissue purified to a specific activity of 116 milliunits/mg of protein (Glover & Potter, 1971 ). The differences are no more than could be expected from differences in methodology.
There are, on the other hand, positive reasons for studying choline acetyltransferase from goldfish and other cold-blooded animals without purification. First, the enzyme is unstable, as the initial experiments reported here show, and this instability could be expected to become greater with each successive stage of purification. The enzyme from cold-blooded animals is generally very unstable (see Hebb & Ratkovic, 1964; Prince & Hide, 1971) , and in this it differs from the mammalian enzyme. Secondly, use Vol. 129 of homogenates without further purification is preferred because it avoids the danger of a selective loss of the enzyme. Loss of activity might be acceptable if the enzyme were truly homogeneous and one could be sure that the losses that did occur due to denaturation or to other causes had a uniform effect, but if the enzyme exists in more than one form (MaltheS0renssen & Fonnum, 1972) this can no longer be assumed to be true. With such uncertainty existing about the nature of the system we were dealing with, we felt obliged to take the least number of steps to change that system, so preferring to study it in relatively crude form.
The convergent primary double-reciprocal plots found with goldfish brain choline acetyltransferase are similar to others obtained with enzyme prepared from rat and calf brain (Potter et al., 1968; White & Cavallito, 1970) . They indicate that the synthesis of acetylcholine proceeds through a sequential mechanism whereby both substrates combine with the enzyme before any products are released. It further appears, from inhibition studies with human placental choline acetyltransferase, that the type of sequential mechanism involved is Theorell-Chance (Morris et al., 1971) that a similar sequential mechanism operates for the goldfish brain enzyme. In this case the simple determination of K. as a measure of affinity of enzyme for substrate will be valid only for the final reaction between the enzyme-acetyl-CoA complex and choline, and the true dissociation constant for the binding of acetyl-CoA to the enzyme is given by the K, value. It is these values that have therefore been used to describe adaptational changes in enzyme-substrate affinity. Fortunately both constants show essentially the same response to temperature, so that even without knowing for certain whether the enzyme is governed by a random or ordered mechanism or, in the latter case, which is the leading substrate, it is still possible to discuss the effect of temperature adaptation on true enzyme-substrate affinity.
Choline acetyltransferase from warm-adapted fish has an affinity for acetyl-CoA (K, value) that reaches a minimum at about 20°C. This U-shaped dependence of affinity on temperature changes on adaptation to cold, so that the minimum Ks value now corresponds to the lowest temperature of incubation (5°C). The affinity ofthe enzyme-acetyl-CoA complex for choline (K. value) is about 100-fold less than that of the free enzyme for acetyl-CoA, but the temperature-dependence of the affinity for choline and the effect of changing adaptation temperature on this dependency are strikingly similar to those for acetylCoA. This characteristic U-shaped dependence of affinity on temperature has also been found for fish brain acetylcholinesterase (Baldwin & Hochachka, 1970; Baldwin, 1971 ), but it is by no means restricted to enzymes operating within the central nervous system. In many cases complex U-shaped Km-temperature curves can be shown to be due to the presence of more than one isoenzyme, each having a different affinity for its substrate. This has been shown to be true for lactate dehydrogenases , pyruvate kinases , fructose diphosphatases (Behrisch, 1969) and isocitrate dehydrogenases (Moon & Hochachka, 1971) . Changes in the affinity of choline acetyltransferase for its substrates could be explained by the presence of more than one isoenzyme, but this seems unlikely. Malthe-S0renssen & Fonnum (1972) have found that the mammalian enzyme can exist in different forms, but the kinetic properties of each form are the same. It has been suggested that enzymes which change their properties on adaptation do so to stabilize their catalytic rates over a wide range of temperature . At high environmental temperatures increases in Vmax.
would then be balanced by a fall in enzyme affinity for its substrate so that the rate at which enzyme product was formed would stay constant, provided that the concentration of substrate remained unchanged. It is, however, more difficult to imagine how a decrease in enzyme affinity for its substrate at low environmental temperatures could possibly stabilize reaction rates. Indeed, if this were the only concern of adaptation there would seem to be no need to change from the cold-to the warm-variant form of the enzyme in the first place. Baldwin (1971) has suggested that something as non-specific as changes in membrane lipids might be responsible for the characteristic shapes of the temperature-affinity plots, but this seems equally improbable. Though it may be relevant to some of the enzymes studied previously, it can hardly be a factor for others, like choline acetyltransferase, which are not normally found in a membrane-bound form. The affinity of choline acetyltransferase for its substrates decreases as the incubation temperature rises. It would be unwise to draw too close a parallel between the behaviour ofcholine acetyltransferase in the whole animal and that in a crude tissue homogenate, but it is possible that a decreased affinity represents the first stage of a process leading to the eventual inactivation of the enzyme. In such a case some fish might be able to synthesize a new type of enzyme, or modify that already present, so that it will resist the damaging effects of a change in temperature. As Dixon & Webb (1964) have pointed out, the presence of substrates may protect an enzyme from denaturation by binding with the active centre and so maintaining its tertiary structure. It follows that the most stable state of an enzyme will be that having a high affinity for its substrates. The appearance of an enzyme on adaptation having a maximal affinity for substrate at a temperature near to the new environmental temperature could then be seen, not as a means of maintaining catalytic rates constant, but rather as a way ofstabilizing enzyme structure in a changed environment.
